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Abstract 
We report on the thermoelectric power S(T), electrical resistivity and thermal conductivity 
measurements on the antiferromagnetic CeCoAl4 compound. The Néel temperature of CeCoAl4 
is TN = 13.5 K and a metamagnetic-like transition occurs in the magnetic field of about 7.5 T. 
We show that the magnetic contribution to the thermoelectric power, Sf(T), exhibits a large peak 
due to the crystal electric field (CEF) at about 240 K and a small anomaly around the ordering 
temperature. Surprisingly, the CEF related Sf(T) peak is close to the upper CEF excitation 
energy 2 =202 K, in contrast to the usual case of the peak position being a fraction of the real 
CEF excitation. The applicability of different theoretical and phenomenological models 
describing the temperature dependence of the Seebeck effect Sf(T) has been tested and finally a 
calculation is proposed, which incorporates a full CEF levels scheme. For the nonmagnetic 
reference compound, LaCoAl4, the thermoelectric power measurements provide an evidence of 
the phonon drag contribution, which is not present or masked in the case of CeCoAl4. 
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1 Introduction  
 
The CeCoAl4 compound poses a fascinating topic for in-depth studies due to its magnetic 
properties, which are governed solely by the Ce atoms. Co atoms are non-magnetic in CeCoAl4. 
This compound is characterized by antiferromagnetic (AFM) order below TN = 13.5 K and a 
metamagnetic-like transition in the magnetic field of about 7.5 T [1-5]. The crystallographic 
structure is orthorhombic of the LaCoAl4 type (space group Pmma) with PrCoAl4 being the 
other known example of this structure type [6].  
Dhar et al. [4] suggested an incommensurate antiferromagnetic order for CeCoAl4 based on 
magnetic susceptibility, electrical resistivity and specific heat measurements, however neutron 
diffraction experiments [6] have revealed a collinear antiferromagnetism with a propagation 
vector q = (0, 0.5, 0.5) and the refined magnetic moment equal to 1.29 B/Ce atom. In other 
studies Koterlin et al. [7] postulated that CeCoAl4 represents a magnetic Kondo lattice. This 
suggestion has been based on the analysis of the magnetic contribution to resistivity and on the 
magnetic susceptibility measurements.  
In our previous studies [8] we have shown that a small addition of Cu to the CeCoAl4 
compound stabilizes the main phase by a reduction of the amount of the impurity phases, mainly 
CeAl2. For CeCo0.9Cu0.1Al4 the secondary phases (about 3%) are created by CeAl2 and 
CeCuAl3. For the Cu-stabilized CeCo0.9Cu0.1Al4 compound and below the Néel temperature 
TN = 13.5 K we have observed an antiferromagnetic order with the propagation vector q = (0, 
1/2, 1/2). The magnetic moment of 0.76 B/Ce was reduced compared to the theoretical Ce 
moment and the previous results for CeCoAl4. We have also indicated on the importance of the 
crystal electric field (CEF) effects [9]. Our complementary studies using the inelastic neutron 
scattering, magnetic susceptibility and specific heat measurements provided the CEF 
parameters and the energy levels scheme composed of three doublets (0–4.04–17.4) meV. In 
the ground state we have found a mixing of the |1/2〉, |3/2〉, and |5/2〉 states. 
In this paper we discuss the transport properties of CeCoAl4 including the thermoelectric 
power S(T), thermal conductivity (T), and electrical resistivity (T). A special emphasis is put 
on the verification of different models to describe the temperature dependence of the Seebeck 
effect S(T) and a new solution for including CEF in the analysis of the thermoelectric power is 
proposed. 
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2 Experimental  
 
The polycrystalline CeCoAl4 compound was synthesized by induction melting under an argon 
atmosphere. Stoichiometric amounts of the constituent elements were used. The sample was 
inverted and melted several times to ensure a better homogeneity. 
The crystal structure and the quality of the sample was controlled using the X-ray diffraction 
technique [8,9].  
The thermoelectric power, electrical resistivity and thermal conductivity were measured 
using the thermal transport option (TTO) of the commercial PPMS device (Quantum Design). 
Four-probe mode was employed in all the measurements. The samples are cut into a bar of the 
approximate dimensions 1mm×1mm×8mm. 
 
3 Results and Discussion  
 
Figure 1 presents the results of measurements of the thermoelectric power S, thermal 
conductivity , and the electrical resistivity  for the LaCoAl4 compound measured in a wide 
temperature range 1.9-400K. This compound has been used as the nonmagnetic analog to 
extract the f-electrons contribution of the CeCoAl4 compound. However, LaCoAl4 in itself 
shows intriguing features. In low temperatures the S(T) dependence shows a flat bump, which 
is better visible if one plots S/T vs. T 2. It shows a linear dependence in the temperatures range 
~25-50 K. Such a linear behavior is typical of phonon-drag contribution if it occurs in the range 
/10-/5, where  is the Debye temperature. As for LaCoAl4 we have got ~320K, the 
condition is well fulfilled. 
Figure 1 presents additionally the temperature dependence of the thermal conductivity with 
the separated phonon and electronic contributions. The phonon part has been determined 
assuming that  = el + ph and the electronic contribution is connected with the resistivity via 
the Wiedemann-Franz law el = L0T/ (L0 = 2.4510-8 WK-2 is the Lorentz number). It 
appears that the phonon contribution predominates below about 200 K and is close to el but 
still slightly larger above 200 K. 
Figure 2 shows similar analysis for the CeCoAl4 compound. One can notice that the residual 
resistivity in our case is similar to the result of Koterlyn et al. [7]. The values of 0 are: 70, 20, 
45 µ cm for LaCoAl4 and 200, 120, 100 µ cm for CeCoAl4 for the Dhar et al. [4], Koterlyn 
et al. [7], and our studies, respectively. Differences between these results can result from a 
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different amount of microcracks, which was also mentioned in Ref. [4]. Moreover, in our 
neutron diffraction measurements [8] we indicated that a small amount of impurities is possible, 
up to 3%, e.g. CeAl2 type but treating it as a parallel resistance shows in simple calculations 
that it can modify the calculation of el by only a few percent and towards lower values, i.e. 
even strengthening the conclusion that el is lower than ph in the whole studied temperature 
range.  
From Fig. 2 it is also concluded that the phonon-drag contribution is no longer detectable, 
which is probably due to the dominance of the magnetic interactions at the low temperatures 
region. A drop in S(T) is well visible close to TN. 
 
 
Fig. 1 Thermoelectric power S, thermal conductivity , and the electrical resistivity  for the LaCoAl4 
compound. Thermoelectric power is shown both as S vs. T and S/T vs. T2. Solid line above the bump for 
S/T(T 2) is a linear fit characteristic of the phonon-drag contribution. The total thermal conductivity is 
separated to the phonon and electronic contribution via the Wiedemann-Franz law (see text)  
 
To estimate the contribution of the f states to the thermoelectric power of CeCoAl4 we apply 
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resistivity of the La-based analogue sample, i.e. nmag. The extracted dependence of Sf on 
temperature is plotted in Fig. 2. It exhibits a large peak at about 240 K and a small anomaly 
around the ordering temperature. The peak at 240 K is clearly related to the crystal electric field 
effects. 
Interestingly, the f-electrons contribution to the resistivity (Fig. 2) reveals two-peak 
structure with the peaks at about 220 K and 120 K. We ascribe both to the CEF levels and the 
smearing out of the lower peak for thermoelectric power may be due to the different 
mechanisms governing S(T) behavior compared to f  including only the electronic contribution. 
The sharp anomaly in f (T) at 13.5 K corresponds to the Néel temperature. 
 
 
Fig. 2 Thermoelectric power S, thermal conductivity , and the electrical resistivity  for the CeCoAl4 
compound. Sf is the f–electrons contribution to the thermoelectric power obtained from the Northeim-
Gorter rule. The total thermal conductivity is separated to the phonon and electronic contribution via the 
Wiedemann-Franz law (see text). f is the f–electrons contribution to resistivity derived by subtraction 
the resistivity of LaCoAl4 
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Our previous inelastic neutron scattering (INS) experiments [9] provided the CEF energy 
levels scheme (0 – 4.04 – 17.4) meV, which corresponds to (0 – 47 – 202) K. The higher level 
excitation is near the maximum in Sf (T). This is surprising as it is known that in the f-electron 
systems in the presence of the hybridization of the f electrons with the conduction band, the 
Kondo scattering on the excited CEF levels leads to a peak in Sf (T) at Tmax ≈ (0.3-0.6)ΔCEF. A 
possible explanation of this untypical behavior of the CeCoAl4 compound is our previous 
observation of the behavior of the quasielastic contribution in the INS spectra. The inelastic 
broadening disappears below the Néel temperature and its linewidth Γ/2 is below TN, therefore 
it suggests that the Kondo screening is not relevant in CeCoAl4. Nevertheless, we test below 
the main theoretical and semi-phenomenological models describing the temperature 
dependence of the thermoelectric power in the f-electron systems, including models based on 
the Kondo effect. 
 
3.1 Peschel and Fulde model  
 
The calculations of Peschel and Fulde [10] concern metals with impurities affected by the 
crystal-field split energy levels, hence the problem is of different type than the Kondo problem. 
Therefore, we apply it to the present case of CeCoAl4 in spite of the fact that Ce does not state 
an impurity in this compound but creates a lattice. Peschel and Fulde considered two 
nonmagnetic singlets separated by an energy ΔCEF and derived the relation:  
 
𝑆ଵ(𝑇) ∝
∆ిుూ
ଶ்
𝑡ℎ ∆ిుూ
ଶ்
ቂ1 + ∆ిుూ
ଶగ்
Im𝜓(ଵ) ቀ௜∆ిుూ
ଶగ்
ቁቃ,    (1) 
 
where (1) is a trigamma-function.  
The plot according to the formula Sf (T) = aT + bS1(T), where the first term is the 
nonmagnetic contribution, is included in Fig. 3 for a = -0.09 µV/K2 and b = 45. The position 
of the maximum is well reproduced only for ΔCEF = 1120 K, which is over five times the value 
of the upper excitation derived from our INS experiments (202 K). It could be improved by 
using a real levels degeneracies, i.e. three doublets instead of two singlets. 
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Fig. 3 Thermoelectric power Sf(T) = aT + bS1(T) of CeCoAl4 fitted with: red dotted line - Peschel and 
Fulde model (Eq.(1)), solid line – Zlatić-Coqblin-Schrieffer model (Eq.(3)) 
 
 
3.2 Zlatić-Coqblin-Schrieffer model  
 
Alternatively, we have employed the calculations proposed by Zlatić et al. for the case of two 
CEF levels [11]. They have shown that the Coqblin-Schrieffer model in connection with the 
third-order renormalized perturbation expansion can well describe the influence of CEF on the 
thermoelectric power in the heavy-fermion systems and can lead to a reduction of the Kondo 
temperature TK. The renormalized coupling constant is given by: 
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where 2D0 is the width of the conduction band, D = T and ΔCEF is the separation between the 
ground and the excited state, which are m and M-fold degenerate, respectively. 
The thermoelectric power of the two level system (doublet-quartet) is described by the 
formula: 
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with the respective terms defined in details in Ref. [11]. Assuming D0 = 11610 K (1 eV) and a 
formula Sf (T) = aT + bS1(T), we get the solid line in Fig. 3 for V0 =-0.14×2D0, TK = 1 K, a = 
-6.2×10-8 µV/K2, b = 3.55 and ΔCEF = 1240 K. V0 is a coupling constant related to the potential 
scattering (for details see [11]). Again, like in sec. 3.1, the CEF splitting necessary for 
reproducing the S(T) peak position is much higher than the result of INS studies. Additionally, 
a Kondo temperature is involved, which is not adequate for the case of CeCoAl4. 
 
3.3 Two band model  
 
The thermoelectric power calculated from the linearized Boltzmann equation [12-16] can be 
written as: 
 
𝑆(𝑇) = − ଵ|௘|்
ூభ
ூమ
,    (4) 
 
where the integrals  
 
𝐼௡ = ∫ 𝐸௡
ௗி
ௗா
𝜏𝑑𝐸ାஶିஶ ,     𝑛 = 0,1,     (5) 
 
with F(E) being the Fermi function. 
In the degenerate limit and using the Sommerfeld expansion provides the Mott expression 
[12,13]: 
 
𝑆(𝑇) = గ
మ௞ಳ
మ ்
ଷ|௘|
ቀడ௟௡ఙ
డா
ቁ
ாಷ
,    (6) 
 
where  is the electrical conductivity. In the free-electron approximation one obtains for the 
diffusion thermoelectric power: 
 
𝑆(𝑇) = 𝑎𝑇.    (7) 
 
To include, apart from the diffusion thermoelectric power, the contribution of the f states, 
we have carried out an analysis of the measured thermoelectric power basing on the model 
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assuming scattering of electrons from the wide conduction band into a narrow f band 
approximated by a density of states of the Lorentzian shape [14-16]: 
 
𝑁௙(𝐸) ∝ 𝑊௙ ቀ൫𝐸 − 𝐸௙൯
ଶ
+ 𝑊௙ଶቁൗ .     (8) 
 
With the further assumption of the relaxation time  ~ Nf(E)-1 and employing Eq. (4), 
thermoelectric power is expressed by the formula [14-16]: 
 
𝑆௙(𝑇) =
ଶ
ଷ
௞ಳ
|௘|
గమா೑்
(గమ ଷ⁄ )்మାா೑
మାௐ೑
మ,    (9) 
 
where Ef and Wf are the position and width of the f-band in Kelvins and Sf denotes the f 
contribution to thermoelectric power. Eq. (9) has been widely used [14-21] for analysis of 
thermoelectric power in Ce intermetallics providing an estimation of the f-states position in 
respect to the Fermi level, however it does not include the effect of the CEF splitting.  
The derivation of Eq. (9) based on Eq. (4) is simple for a single DOS peak but, in principle, 
for a CEF scheme composed of three doublets a derivation for a sum of three DOS peaks would 
be required. However, we have recently shown that Wf can be treated as dominated by the CEF 
split, i.e. the width of the DOS peak being of the order of the ground state split [17], Wf = 
TCEF/Nf, where Nf is the orbital degeneracy 2J + 1. This approximation has been successfully 
applied in various Ce-based systems [17,22-24]. 
As the shape of Sf(T) can suffer from errors due to the approximation of the Northeim-Gorter 
rule it is advantageous to employ the position of the thermoelectric power maximum as a 
reasonable characteristic of the system. Taking derivative of Eq. (9) in respect to temperature 
with the condition Sf/T = 0 leads to the relation: 
 
𝑊௙ = 1.74 × 10ି଼ට1.08 × 10ଵ଺𝑇ଶ − 3.29 × 10ଵହ𝐸௙ଶ    (10) 
 
with all magnitudes in Kelvins. Figure 4 illustrates the function Wf(Ef) for T = Tmax = 240 K. 
Assuming Nf = 6 and TCEF  ΔCEF  202 K we expect Wf = 106 K, which implies, according to 
Eq. (9) and Fig. 4, Ef = 422 K. 
As mentioned above, it is problematic to use Eq. (4) for the case of three DOS peaks with 
CEF separations equal to Δ1 and Δ2. Therefore, to verify the applicability of the estimations 
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done by Eq. (9) and Eq. (10) we refer to the approximation used by Freimuth [25,26]. He used 
the special case of the thermoelectric power formula: 
 
𝑆(𝑇) = గ
మ௞ಳ்
ଷ|௘|
ቀడ௟௡஽(ா)
డா
ቁ
ாಷ
    (11) 
 
expressed by the derivative of DOS at EF. Such approximation neglects the role of the Fermi 
distribution responsible for the temperature dependence in formula (5). The assumption in Ref. 
[25] was to make the width of the DOS peak as well as the Kondo temperature dependent on 
temperature. To reduce the number of free parameters we restrict this assumption only to the 
width dependence of the form Wf = vexp(-v/T). Hence, the sum of the three DOS peaks can be 
written as: 
 
𝐷(𝐸) = ∑ ௩೔௘௫௣(ି௩೔ ்⁄ )
൫ாିா೑ା∆೔൯
మ
ା௩೔
మ௘௫௣(ିଶ௩೔ ்⁄ )
ଶ
௜ୀ଴  ,    (12) 
 
which after application of Eq. (12) leads to: 
  
𝑆ଵ(𝑇) =
ଶగమ௞ಳ்
ଷ|௘|
൝∑ ௩೔൫ா೑ା∆೔൯௘௫௣
(ି௩೔ ்⁄ )
ቂ൫ா೑ା∆೔൯
మ
ା௩೔
మ௘௫௣(ିଶ௩೔ ்⁄ )ቃ
మ
ଶ
௜ୀ଴ ൡ / ൜∑
௩೔௘௫௣(ି௩೔ ்⁄ )
൫ா೑ା∆೔൯
మ
ା௩೔
మ௘௫௣(ିଶ௩೔ ்⁄ )
ଶ
௜ୀ଴ ൠ (13) 
 
where the substitution (Ef - EF)  Ef was done, i.e. Ef is considered in respect to the Fermi 
level. Figure 5 shows a fit of the CeCoAl4 thermoelectric power by Eq. (13) adding the usual 
linear term, i.e. Sf (T) = aT + S1(T), fixing only the CEF energies with the INS values: 0 = 0 K, 
1 = 47 K, and 2 = 202 K. As a result the following values of the remaining parameters have 
been obtained: v1 = 486 K, v2 = 353 K, v3 = 372 K, a = -1.07×10-6 µV/K2, and Ef = 435 K - the 
last being in a very good agreement with the estimation performed by Eq. (11) (Ef = 422 K). 
It is interesting to demonstrate what the DOS structure looks like for the methodology based 
on Eq. (9) and Eq. (13). It is drawn as the left-bottom axes in Fig. 4. For Eq. (13) the three 
components are shown and T = Tmax = 240 K is used in the calculation. One can notice that the 
width of the single DOS peak of Eq. (9) is roughly of the order of the overall CEF split. 
However, in spite of the fact that the model of Eq. (12) is formally less correct than that based 
directly on Eqs. (5-6), it provides a reasonable values of the parameters. Even setting in Eq. (13) 
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1 and 2 as free parameters has given physically correct values of these splits (55 K and 90 K, 
respectively).  
 
 
Fig. 4 Right and top axes: Wf vs. Ef for T = Tmax = 240 K plotted according to Eq. (10). Left and bottom 
axes: density of states – dotted line corresponds to Eq. (9) and the thick solid lines corresponds to 
Eq. (13). The thin solid lines are the three components of Eq. (13) 
 
 
Fig. 5 f-electrons contribution to the thermoelectric power of CeCoAl4 fitted by Eq. (13): Sf(T) = 
aT + S1(T). The CEF energies are fixed with the previous result of the inelastic neutron studies: 0 = 
0 K, 1 = 47 K, and 2 = 202 K 
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4 Conclusions  
 
The CeCoAl4 compound, which we have studied previously in details by inelastic neutron 
scattering, neutron diffraction, as well as magnetic and specific heat methods has now been 
used to test applicability of different models of the thermoelectric power. The key challenge 
was to incorporate the predominance of the crystal field in the theoretical description of the 
thermoelectric power Sf(T). The well-established theoretical models are usually based on the 
assumption of a single split of the CEF levels, which does not enable refinement of the 
thermoelectric power of CeCoAl4, because this compound exhibits a split into three CEF 
doublets. In the present calculation we have assumed a multi-peak density of states with a 
structure corresponding to the real CEF levels scheme. The temperature dependence has been 
included making the width of the DOS peaks temperature dependent. It appeared to fit well the 
Sf(T) dependence, with physically correct parameters. Alternatively, the use of a single DOS 
peak but with temperature dependence resulting directly from the Fermi function provides a 
good estimate of the overall CEF splitting but cannot reveal the detailed levels scheme.  
The usual studies of the nonmagnetic reference compound, LaCoAl4 in our case, revealed a 
possible contribution of the phonon drag in the temperature range ~25-50 K of the 
thermoelectric power.  
The f-electrons contribution to the resistivity has shown a presence of two peaks, at about 
220 K and 120 K, which can be ascribed to the CEF levels. 
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